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This article contains a series of analyses done for the SARS-
CoV-2 outbreak in Rio Grande do Sul (RS) in the south of
Brazil. These analyses are focused on the high-incidence
cities such as the state capital Porto Alegre and at the state
level. We providemethodological details and estimates for
the effective reproduction number R t , a joint analysis of
themobility data together with the estimated R t as well as
ICU simulations and ICU LoS (length of stay) estimation for
hospitalizations in Porto Alegre/RS.
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1 | INTRODUCTION
The first confirmed reported case of SARS-CoV-2 in Rio Grande do Sul (RS), south of Brazil, was onMarch 10th, 2020.
The subject was a 60 years old man living in Campo Bom/RS, a city 50km far from the capital of the state: Porto Alegre.
The first confirmed patient had mild symptoms and didn’t require hospitalization. On the confirmation date of the
first case, onMarch 10th, 190 subjects were already reported as suspected cases [1], with 103 discarded and 86 in
investigation.
At the time of writing of this paper, data from Secretaria Estadual da Saúde (SES-RS) shows that the state has
46.710 confirmed cases on July 17th, with 1.174 deaths and an adult intensive care unit (ICU) occupancy of 76% on the
entire state with 580 confirmed cases at the ICU units [2].
Abbreviations: RS, Rio Grande do Sul.
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2 | EFFECTIVE REPRODUCTION NUMBER R t ESTIMATION
The effective reproduction number, often called R (t ), R t or Re is the expected number of new infections that are caused
by a primary case, on a context where not the entire population are susceptible, as opposed to the basic reproduction
number R0 [3], where the entire population is assumed to be susceptible.
Since April 12th, wemade available 1 the R t estimates for all states in Brazil, including Rio Grande do Sul. Choosing
amethod to estimate the R (t ) is a challenging task. Manymethods with different characteristics were developed in the
past [4, 5, 6], and deciding which method to use heavily depends on the context and the properties that the context
requires.
We opted to use themethod from [4], which uses the serial interval (SI) distribution – the time between successive
clinical onsets in a chain of transmission –, which is a quantity that is easier to observe than the generation time, since
times of infection are rarely observed. Themethod from [4] is based on the relationship of the incidence It at time t , the
infectivity profilews that is approximated by the distribution of the serial interval and the R t , as given by the following
definition:
Å[It ] = R t
t∑
s=1
It−sws (1)
The relationship shown in the Equation 1 tells us that we are weighting the incidence by symptom onset using the
infectivity profile, and thenmultiplying it by the R t . To reduce the variance of estimating the R t from the equation above,
the authors calculate estimates over longer timewindows (assuming that the instantaneous reproduction number is
constant within that window). In our case, we used a 1week period, but longer periods can be used to reduce variance,
but might also hide some dynamics of the R t or lead to lagged and inaccurate R t estimates.
Another advantage of themethod from [4], is that the posterior can be easily calculated when assuming a Gamma
prior distribution on the R t . The method also allows us to take into consideration the uncertainty around the serial
interval distribution, a topic of constant debate [7, 8], and therefore with high uncertainty associated.
Another important property that was also one of the key reasons to select the method was that the method is
reasonably robust to under-reporting as shown in the sensitivity analysis on various scenarios made by the authors. As
this is a known issue inmany states of Brazil, this method poses a strong advantage as long as the testing bias is constant,
which is often not true at the beginning of the outbreak, but important as testing capacity tends to stabilize afterward.
Besides the aforementioned reasons to select themethod [4], recently, a study found that themethod [6] systemat-
ically underestimates R t when the true value is substantially higher than one, while also being biased as transmission
rates shift and recommended themethod from [4].
2.1 | Adjusting for right-censoring
It is well-known that the SARS-CoV-2 outbreak in Brazil posed a lot of new challenges regarding the testing procedures
that required strategical coordination amongmany different entities from different cities. This pressure causedmajor
delays in many states of Brazil and by looking at the Figure 1, where we show the delay distribution since symptom
onset until cases appear in themain panel of the SES-RS, there is strong evidence ofmajor delays taking place in the
state procedures. Cases from Porto Alegre/RS, the state capital, also sufferedmajor delays and on a single day, more
1At the website: https://perone.github.io/covid19analysis/
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than 1600 cases were added on a batch that had cases withmore than onemonth of delay since symptom onset.
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F IGURE 1 Empirical distribution of the delay (in days) between the symptom onset and for the case to appear in the
statemain panel where data is made available. Data provided by SES-RS fromRio Grande do Sul (RS) / Brazil, using 17
days ranging from June 13th to July 17th. Distribution was truncated to represent only 70 values.
Given this context, it is evenmore important to deal with that truncation properly. Many statistical methods exist
to deal with right-censoring, including parametric distribution estimation or non-parametric methods. Most of the time,
these methods rely on the estimation of an Exponential, Gamma ouWeibull distribution and then uses the (flipped)
cumulative density function (CDF) to correct for the delays.
Parametric methods are often sample efficient andwork well on the small data regime. However, they fail to model
the complexity of distributions under model misspecification, especially when there aremultiple modes due to complex
and dynamic processes. Since we have a reasonable amount of historical data for state level analysis, a better approach
is to use the empirical CDF (ECDF) and then do bootstrapping to accommodate for the uncertainty around the observed
delays, as shown in Figure 2. The ECDF in our case is constructed using the delay distribution by aggregating the new
symptom onset dates at each new day, and using only a few recent weeks of data to capture the most recent delay
patterns.
The ECDF is then used to parametrize a Negative Binomial distribution as in [9]:
o∗t−j ∼ NegBin(n = o t−k + 1, p = F (t − j ; θi )) (2)
where F (t–j ; θi )), differently than in [9], is the ECDF for the bootstrapped delay distribution (θi sample). This
estimation will give the proportion of onset cases from t–j days ago that are expected to appear over the j days from
that time until the present on the SES-RS panel. The t , as in [9], is the last date on which cases were reported, so the
number of onsets o t–j on day t − j is taken as a result of a Bernoulli trial from the total true number of cases with clinical
onsets on day t–j . Like in [9] we also discard some days at the end (6 days in our case) and allow upscaling up to a limit of
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F IGURE 2 Bootstrap samples from the ECDF showing the uncertainty around the delay distribution for Rio Grande
do Sul (RS) / Brazil.
5 times the reported cases for the day, as this approach also introduces an inevitable estimation bias. An example of this
adjustment result can be seen in Figure 3.
In order to propagate the right-censoring adjusment uncertainty into the R t estimation procedure, we sample 1000
samples from the bootstraped delay distribution described in the previous section, and then fit 1000 models using
EpiEstim [10] and a serial interval with µ = 4.7(3.7 − 6.0) and σ = 2.9(1.9 − 4.9) [11]. After estimating 1000models, we
sample from the assumedGamma posterior of eachmodel to build the final posterior and calculate the R t statistics such
asmean, median, and highest density interval (HDI) for each day. Propagation of right-censoring adjustment uncertainty
affects mostly in themost recent days of the distribution.
2.2 | Results of the R t estimation
In Figure 4, we show the results of the R t estimation for the state of Rio Grande do Sul. These estimates used official
data provided by SES-RS2 until July 17th, 2020.
Aswe can see in the Figure 4, we had amedian R t below1.0 for a longer period only at the beginning of the outbreak
when the interventions were potentially able to achieve its goals (but with the uncertainty interval above 1.0), after
that period, coincidentally when interventions started to be relaxed (with local media entities reportingmany cities
reopening), the R t kept oscillating above 1.0 for a long period. We can also see at the bottom panel that ICU occupancy
also started to grow, showing a very worrying and sustained trend that can cause a collapse of the health system as seen
in other places [12].
In Figure 5we also showaheatmap of confirmed cases for 8 cities in RSwith themost number of cases in the state. A
pattern thatwas also seen in other places is shown, where the infections usually start at a young cohort before spreading
to the elderly. Note that we did not adjust for right-censoring in this figure, therefore for all cities, it appears that there
is a reduction of cases in the last days, but is usually an artifact of the delay from symptom onset to confirmation and
reporting.
2Available at: http://ti.saude.rs.gov.br/covid19/
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F IGURE 3 Result of the right-censoring adjustment with a HDI interval of 0.7 and 0.95 respectively shown as
orange bands. The red region are the discarded samples.
2.3 | R t andmobility data trajectories
Many providers made available mobility data during the outbreak, one example is the COVID-19 CommunityMobility
Reports [13] that wasmade available early in the outbreak by Google. The dataset contains anonymized data (using
techniques such as differential privacy) that prevents the identification of any individual person. These reports contain
themovement trends by region, across different categories of places, and compared to a pre-outbreak baseline taken
from a 5-week period between Jan 3rd and Feb 6th, 2020.
The CommunityMobility Reports showmovement trends by region, across different categories of places: parks,
workplaces, residential, transit stations, grocery and pharmacy, and retail and recreation. In Figure 6we can see this
data for Rio Grande do Sul, separated by each different place category together with a incidence panel of confirmed
cases at the bottom of the figure.
Adding a new dimension to the R t such as thementionedmobility data can help visualize the dynamics of the R t
and mobility at the same time. In Figure 7 we show these joint trajectories of mobility and the estimated R t for Rio
Grande do Sul. The density distribution at the backgroundwas estimated using a Gaussian kernel. As we can see in the
figure, most of the density mass is concentrated above themedian R t of 1.0.
If we look at theworkplaces panel of Figure 7we can see a very clear separated density cluster representing the
early moment at the outbreak whenmobility was very low andwith a respective R t below 1.0.
3 | R t ESTIMATION FOR PORTO ALEGRE / RS
The same procedure described in the earlier sections was employed to estimate the R t of Porto Alegre/RS (state capital)
during the outbreak. We can see the results of the estimation in Figure 8. Whatwe can see in the R t dynamics is a period
of relative stability at the beginning of the outbreak and coincidentally after adopting interventions to reducemobility.
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After some time during the restriction period, wewere able to see a slow but sustained increase of the R t and then a
bigger increase after relaxing interventions followed by another peak on the R t potentially due to a sudden change of
the testing capacity or reporting procedures.
3.1 | Limitations
In this analysis, we have not taken into consideration imported cases, which can pose a limitation as it assumes implicitly
that all cases after the first, arise from local transmission [14]. Note also that interpreting the temporal trends is not
always an easy task, changes in R t can be caused by changes in contact patterns of the affected population, interventions
that have their effects overlapped with other interventions, reduction of susceptible population, or changes in test
capacity.
4 | ICU LENGTH OF STAY (LOS) AND SIMULATION FOR PORTO ALEGRE/RS
The state capital of Rio Grande do Sul, Porto Alegre, on July 17th, had an adult ICU occupancy of 263 patients. Among
these patients, many were from other cities, however, themajor part of them had origin from the city itself (as seen on
the black bars at the bottom panel of Figure 8).
To estimate the length of stay (LoS) at the ICUs in Porto Alegre/RS we used the data from SIVEP-Gripe3. While
potentially under-reported, this dataset contains a great proportion of the admissions with rich information at the
patient level. As shown before onMay 18th4, the estimatedmean LoS in Rio Grande do Sul was one of the largest in the
country.
To estimate the LoSofPortoAlegre,wedid aBayesian estimationof theparametersα and β of aWeibull distribution,
using weakly informative priors from a Half Normal distribution with σ = 50.0. Samples from the prior predictive
distribution and the estimated posterior distribution canbe seen at the left panel and right panel of Figure 9, respectively.
In Figure 10 we can also see samples from the Weibull posterior distribution. The estimated mean for the α
parameter of theWeibull was 1.10 (1.02 - 1.18, HDI 97%) and 12.42 (11.28 - 13.57, HDI 97%) for the β parameter.
With the estimated LoS distribution at hand, we can now simulate and create future scenarios to understand how
ICUs occupation and dynamics will behave. Unfortunately, due to lack of information such as admissions (that are
only found at SIVEP-gripe dataset, released in average at every 7 days) and the difficulties to estimate the reporting
delays and correct for the right-censoring of this data, we limited the analysis to estimate how long it would take to
confidently have a normalization of the ICUs in regarding the COVID-19 patients after stopping the admissions to
zero. An unrealistic scenario in themiddle of the outbreak, but it shows how long ICU occupancy can take to have the
outcome (death/recovery) for all hospitalized patients in these units.
Since we are dealing with a discrete quantity (length of stay) in days, we have to discretize the distribution to avoid
introducing biases due to rounding, to that purpose we employed distcrete5. We also discarded the last 7 days of data
due to right-censoring.
To simulate the ICUwe used a similar approach described in [15], where for each date and incidence of admissions
on that day we sample an estimate from the LoS posterior and then beds are counted by summing all cases for each day.
To take stochasticity of the LoS into account, this process is repeated N times, resulting in N predictions of bed needs
3https://opendatasus.saude.gov.br/dataset/bd-srag-2020
4https://perone.github.io/covid19analysis/brazil_icu_stay.html
5https://www.repidemicsconsortium.org/distcrete/
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over time, where the credibility intervals are computed.
The result of this simulation can be seen in Figure 11. As we can see, evenwith initial under-reporting of SIVEP-
Gripe data and right-censoring, wewere able tomatch the complex dynamics of the daily observed ICU occupancy in
Porto Alegre/RS. Note also that the simulation was able tomatch the growing observed ICU occupancy very well even
without using the release dates from SIVEP-Gripe, showing that themodel is indeed capturing the observed growing
patterns in Porto Alegre/RS.What is worrying about this plot is that if admissions due to COVID-19 are stopped to zero,
it would take nearly one month and a half to decay the occupancy to zero.
4.1 | Limitations
For this analysis we assume that SIVEP-Gripe provides a representative report of the ICU hospitalizations in Porto
Alegre, however, it might be biased and lack reports from some health institutions. Admission dates can also be lagged,
therefore it can introduce bias in the analysis as well. However, by looking at the simulation results we can see that it
approximated the observed daily aggregated reports from all hospitals of the city with data provided from the city ICU
occupancy dashboard 6.
5 | DISCUSSION
Awareof all limitations anddifficulties to estimate and interpret theR t through time,weprovided anadjusted estimation
of this important epidemiological quantity that is a fundamental variable to observe during the outbreak andwithin the
context. We also provided an estimation for the length of stay (LoS) for the state capital Porto Alegre, where we showed
how fast admissions can cause a surge of occupancy and how slow are these occupancies to decay to the same regime it
was before the surge.
The goal of this work was not only to try to characterize the dynamics of the outbreak in the state but also to
raise awareness to the population to the worrying scenario that usually comes after a long period when even basic
epidemiological quantities such as R t are above their safe regimes. While it is true that there aremany limitations in
these estimates, whenwe look at these quantities in context together withmobility data and ICU progression, we can
see that urgent interventions are needed to break the chain of transmissions and the growing trend hospitalizations
that we are witnessing for more than 2months.
6https://bit.ly/3hkXXmd
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F IGURE 5 Heatmap of age distribution through time for confirmed COVID-19 cases on 8 cities with themost case
incidence in Rio Grande do Sul/Brazil. Each square uses a 4-day aggregation period.
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F IGURE 6 Data from the COVID-19 CommunityMobility Reports [13] by Google for Rio Grande do Sul / Brazil.
This report was collected on July 19th but the reports are provided lagged a few days by Google. In the last panel, we
have the incidence by confirmation date, this data was collected from the BrazilianMinistry of Health (after aggregating
SES-RS data). Redmarkers at the x-axis represent holidays or weekends in Brazil.
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R(t) and Google mobility, trajectories for Rio Grande do Sul (RS) / Brazil
F IGURE 7 R t estimation trajectories with Google mobility data. Each panel of this plot shows different categories
of mobility plotted together with the R t estimation of each date fromMarch 23rd until July 10th. The red dot
represents the last date. The green region represents the region where R t is below 1.0. The orange lines represent the
joint point for the R t and themobility difference from the pre-outbreak baseline. The orange shades represent the KDE
estimation of the final trajectory distribution. Animation provided at: https://bit.ly/399On2N.
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F IGURE 8 This plot shows the R t estimation for Porto Alegre/RS. Top panel: in this panel, you can see the R t
estimate with orange bands representing the .5 and .975 posterior HDI, the center line is themedian. Some events like
adopting interventions or relaxing interventions aremarkedwith green or red vertical dashed lines, respectively.
Transparency in themost recent days is used to show uncertainty due to the right-censor adjustment.Middle panel: in
themiddle panel you can see the incidence by symptom onset in blue and the green dashed line with the bands
represent the right-censoring adjustment. The red vertical region represents discarded days as described in the
methodology section. Bottom panel: in the bottom panel you can see adult ICU occupancy with confirmed COVID-19
cases. The black bards represent the ICU occupancy by Porto Alegre/RS.
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F IGURE 9 Left: Predictive prior distribution for the ICU Length of Stay (LoS) estimation. Right: Estimated posterior
distribution for α and β of theWeibull distribution for Porto Alegre/RS.
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F IGURE 10 Posterior samples (n=500) from the posterior distribution of the estimatedWeibull for the ICU length
of stay in Porto Alegre/RS. Truncated at 40 days for visualization purposes. Dashed vertical line is the empirical mean.
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F IGURE 11 ICU occupation simulation with estimated LoS (length of stay) distribution from Porto Alegre/RS.
Admissions per day are based on SIVEP-Gripe data provided by BrazilianMinistry of Health, Simulation was done using
500 rounds. Orange bands are .5 and .95 HDI uncertainty intervals. Last seven days of the SIVEP-Gripe dataset were
discarded due to right-censoring, the last available admission date is on July 6th, 2020.
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